The light-harvesting complex I (LHCI) proteins in Arabidopsis thaliana are encoded by six genes. Major LHCI proteins (Lhca1-Lhca4) harvest light energy and transfer the resulting excitation energy to the PSI core by forming a PSI supercomplex. In contrast, the minor LHCI proteins Lhca5 and Lhca6 contribute to supercomplex formation between the PSI supercomplex and the chloroplast NADH dehydrogenase-like (NDH) complex, although Lhca5 is also solely associated with the PSI supercomplex. Lhca6 was branched from Lhca2 during the evolution of land plants. In this study, we focused on the molecular evolution involved in the transition from a major LHCI, Lhca2, to the linker protein Lhca6. To elucidate the domains of Lhca6 responsible for linker function, we systematically swapped domains between the two LHCI proteins. To overcome problems due to the low stability of chimeric proteins, we employed sensitive methods to evaluate supercomplex formation: we monitored NDH activity by using Chl fluorescence analysis and detected NDH-PSI supercomplex formation by using protein blot analysis in the form of two-dimensional blue-native (BN)/SDS-PAGE. The stromal loop of Lhca6 was shown to be necessary and sufficient for linker function. Chimeric Lhca6, in which the stromal loop was substituted by that of Lhca2, was not functional as a linker and was detected at the position of the PSI supercomplex in the BN-polyacrylamide gel. The stromal loop of Lhca6 is likely to be necessary for the interaction with chloroplast NDH, rather than for the association with the PSI supercomplex.
Introduction
In photosynthesis, electron transport from water to NADP + is driven by two photosystems functioning in a series and generates both ATP and NADPH. However, this linear electron transport does not satisfy the ATP/NADPH production ratio required by the Calvin-Benson cycle. Cyclic electron transport around PSI supplements ATP synthesis in photosynthesis (Shikanai 2007) . In angiosperms, PSI cyclic electron transport consists of two partly redundant pathways (Munekage et al. 2004) . The main pathway depends on PROTON GRADIENT REGULATION 5 (PGR5)/PGR5-like Photosynthetic Phenotype 1 (PGRL1) proteins (Munekage et al. 2002 , DalCorso et al. 2008 and is sensitive to antimycin A (Hertle et al. 2013 , Sugimoto et al. 2013 . It is most likely that PGR5/PGRL1-dependent PSI cyclic electron transport corresponds to the ferredoxin (Fd)-dependent, antimycin A-sensitive cyclic phosphorylation discovered by Arnon's group (Arnon et al. 1954 , Tagawa et al. 1963 ). An alternative, antimycin A-insensitive, cyclic route of electrons depends on the chloroplast NADH dehydrogenaselike (NDH) complex (Shikanai et al. 1998 , Hashimoto et al. 2003 . Both pathways contribute to the formation of proton motive force and consequently ATP synthesis (Munekage et al. 2004 , Wang et al. 2015 .
The existence of chloroplast NDH was originally noticed upon the discovery of 11 ndh genes in the plastid genomes of tobacco (Nicotiana tabacum) and liverwort (Marchantia polymorpha). The genes encode proteins homologous to NADH dehydrogenase subunits present in mitochondria (Matsubayashi et al. 1987) . Despite its homology to respiratory complex I, chloroplast NDH is involved in photosynthesis (Shikanai 2016) . Notably, chloroplast NDH lacks the N module involved in NADH oxidation and instead accepts electrons from Fd (Yamamoto et al. 2011, Yamamoto and Shikanai 2013) . Chloroplast NDH and also cyanobacterial NDH-1 (Battchikova et al. 2011 ) (photosynthetic NDH) are Fd-dependent plastoquinone (PQ) reductases rather than NADH dehydrogenases. Photosynthetic NDH evolved from the ancestral [NiFe] hydrogenase, which accepted electrons from Fd, through an evolutionary route different from that taken by respiratory NADH dehydrogenase, which was further equipped with the N module to accept electrons from NADH (Friedrich et al. 1995 , Peltier et al. 2016 .
Chloroplast NDH consists of five subcomplexes (Ifuku et al. 2011 , Peltier et al. 2016 . Subcomplexes A and M (membrane) correspond to the Q module and P module, respectively, of respiratory NADH dehydrogenase. The Q module reduces quinone, whereas the P module is involved in proton-pumping activity across the membrane, but a protein corresponding to NdhA has been categorized as a linker protein between the Q and P modules in respiratory NADH dehydrogenase (Sazanov 2015) . Subcomplexes A and M form an L-shaped skeleton, which is conserved in all complex I-related complexes. The electron donor-binding subcomplex is specific to photosynthetic NDH and forms the Fd-binding site on subcomplex A. Subcomplex B and the lumenal subcomplex (subcomplex L) were probably acquired during the evolution of land plants, in that order. Subcomplex L was not conserved in the NDH complex in Marchantia polymorpha and may be associated with formation of the supercomplex with PSI (Ueda et al. 2012) .
Chloroplast NDH interacts with two copies of PSI supercomplexes consisting of a PSI core and four major LHCI proteins (Lhca1-Lhca4), and the resulting NDH-PSI supercomplex is detectable as a high molecular weight (>1 MDa) green band (band I) in blue-native (BN)-polyacrylamide gels . Two minor LHCI proteins, Lhca5 and Lhca6, were discovered in this NDH-PSI supercomplex (Peng et al. 2009 ). The Arabidopsis genome encodes six genes (Lhca1-Lhca6) encoding LHCI proteins (Fig. 1A) . The PSI core is attached to a heterodimer of two heterodimers (Lhca1-Lhca4 and Lhca2-Lhca3) to form the PSI supercomplex (Qin et al. 2015) . Unlike in the case of these major LHCI proteins, the expression levels of Lhca5 and Lhca6 are relatively low and their physiological functions have been unclear ). Lhca5 may be associated with the outside of the Lhca2-Lhca3 heterodimer as a homooligomer. It is also possible that the position of the Lhca1-Lhca4 heterodimer is substituted by an Lhca5 homodimer in ÁLhca1 or ÁLhca4 mutants (Lucinski et al. 2006) . Although Lhca5 is also present in the PSI supercomplex, which is independent of the NDH complex, Lhca6 is specifically present in the NDH-PSI supercomplex (Peng et al. 2009 ).
In Arabidopsis mutants defective in Lhca5, Lhca6 or both genes, NDH-PSI supercomplex formation is impaired (Peng et al. 2009 ). In the lhca5 mutant, the majority of NDH subunits were detected in the smaller protein complex, rather than in the intact NDH-PSI supercomplex. In the lhca6 mutant, NDH subunits were also detected in the protein complex, with BNpolyacrylamide gel mobility similar to that for the complex observed in the lhca5 mutant. Both mutant versions of the NDH complex were still associated with the PSI supercomplex. In contrast, in the lhca5 lhca6 double mutant, NDH subunits were detected in the approximately 700 kDa protein complex, the molecular weight of which corresponded to that of the NDH monomer without the PSI supercomplex . These results indicate that the NDH complex interacts with two copies of the PSI supercomplex, via Lhca5 and Lhca6. This model has been confirmed by the observation of a single particle under electron microscopy (Kouřil et al. 2014) . Recently, the higher order of association of the PSI supercomplex with the core NDH-PSI supercomplex has been reported (Yadav et al. 2016) .
Even the mutants completely defective in the accumulation of chloroplast NDH did not show any mutant phenotypes in the plant growth in Arabidopsis (Munekage et al. 2004 ). In the mutant background of pgr5 defective in the main pathway of PSI cyclic electron transport, however, the supercomplex formation via Lhca6 was required for the normal plant growth (Peng et al. 2009 ). Lhca6 was required for stabilizing the NDH complex, and Lhca5 also contributed to the same function especially under high light .
Supercomplex formation between NDH and PSI has also been discovered in cyanobacteria (Gao et al. 2016) and Physcomitrella patens (Armbruster et al. 2013) . Because cyanobacteria do not have LHCI and Lhca6, at least, is absent in P. patens (Armbruster et al. 2013) , their supercomplexes should be essentially different from that observed in Arabidopsis. In fact, the NDH complex did not interact with the PSI supercomplex in M. polymorpha (Ueda et al. 2012) . Supercomplex formation via Lhca6 was probably acquired during the evolution of land plants. Consistent with this idea, Lhca6 recently branched from Lhca2 during the evolution of land plants (Fig.  1A) . In contrast, the origin of Lhca5 is less clear. In this study, we focus on the evolution of Lhca6 from Lhca2 to determine its specific function as a linker intermediate in supercomplex formation between chloroplast NDH and the PSI supercomplex.
Results

In silico comparison of Lhca2 and Lhca6
To narrow down the Lhca6 domain(s) responsible for the linker function, we first performed an in silico analysis using 31 Lhca6 sequences collected from 26 angiosperms ( Supplementary Fig.  S1 ). First, we focused on the sequence highly conserved among these 31 sequences. For quantitative evaluation of sequence conservation, we used the ConSurf program (Glaser et al. Table S1 ). Subsequently, each residue was analyzed to determine whether the corresponding site was conserved in Arabidopsis Lhca2; the residues required for general LHCI function were thus eliminated. The candidate sites were further selected by comparison with other major LHCI proteins (Lhca1, Lhca3, Lhca4 and Lhca5), as shown in Supplementary Fig. S2 . Finally, we selected seven residues or sequences (candidates 1-7) as possible key sites responsible for the linker function. These candidates were placed into the domain model of Lhca6 (Fig. 1B) . Construction of the chimeric genes was originally based on the prediction of transmembrane (TM) domains by using the TMpred program (Hofmann and Stoffel 1993) . However, from a prediction based on structural modeling using a template for Lhca2 (http://www.proteinmodelportal.org), we realized that there were minor betweendomain inconsistencies in the junctions. The domain definition is summarized in Supplementary Table S1 . To avoid any confusion, in the text we refer to the domains on the basis of our prediction, but the discrepancy compared with the structural model is noted where necessary. In summary, candidate 2 (94R) was in the TM B-TM C loop (lumenal loop) close to the top of TM domain C. Candidate 3 (107Q) was in TM domain C. Candidate 4 (129DI) was in the TM C-TM A loop (stromal loop) and candidate 5 (163EPVMV) was at the top of helix A (a-helix extruding to the stroma). Candidate 6 (194S) was in the C-terminal tail in our definition but was in TM domain A in the structural model. Candidate 7 (215S) was in the C-terminal lumenal tail. Because candidate 1 (4VSSVCEPLP) was in the N-terminal extension, which was specific to Lhca6 (Barros and Kühlbrandt 2009) , we focused on the stromal N-terminal candidate 1 in the initial experimental screening. In the The NDH-dependent Chl fluorescence changes were quantified as described in the Materials and Methods. Error bars indicate SDs among independent T 2 plants (n = 6-20). Significant differences from the WT and the lhca6 mutant are indicated by w and l, respectively (P < 0.01), and by w 0 and l 0 (P < 0.05) for the t-test. For the line identification, the construct number and the T 1 line number are indicated before and after the dash, respectively.
predicted tertiary structure, the N-terminal extension was nine amino acids shorter than our prediction (Supplementary Table S1 ).
The region downstream of TM domain B is sufficient for linker function
To determine the domain(s) of Lhca6 required to bridge chloroplast NDH and the PSI supercomplex (i.e. for linker function), a series of domain swaps was performed between Lhca2 and Lhca6. To design chimeric genes, on the basis of our prediction the domains were assigned between the junctions of three TM domains ( Fig. 1B ; Supplementary Table S1 ). Exceptions were constructs 1 and 2, for which we focused on the candidate 1 sequence. Chimeric genes were introduced into the Arabidopsis lhca6 mutant under the control of the Cauliflower mosaic virus 35S promoter. As negative and positive controls, the full lengths of Lhca2 and Lhca6 under the control of the same promoter were also used for the transformation. As described above, we focused on candidate 1 in the initial experimental screening. A set of constructs, 1 and 2, was used directly to test the contribution of the candidate 1 sequence, whereas another set of constructs, 3 and 4, focused on the entire stromal N-terminal domain, including the candidate 1 sequence ( Fig. 2A) .
Chimeric proteins between Lhca2 and Lhca6 may be unstable in chloroplasts, depending on the construct. This problem would be serious if the chimeric proteins were not functional in vivo as a linker. To remove this risk, all proteins including full-length Lhca2 and Lhca6 were fused with the hemagglutinin (HA) tag at the Cterminal end to monitor their accumulation in the protein blot analysis (Fig. 2B) . We did not detect protein accumulation in the lines expressing constructs 2, 4, 5 and 6, even though we screened two or three independent transgenic T 1 lines in the T 2 generation for each construct.
To evaluate the function of chimeric proteins efficiently in the T 2 generation originating from multiple independent T 1 plants per construct, as an initial screening we analyzed the transient increase in Chl fluorescence after extinguishing weak actinic light (AL) (Shikanai et al. 1998) . The exact reason for this fluorescence change is unclear, but the absence of this post-illumination increase in Chl fluorescence was exactly linked to the genotype causing the functional loss of chloroplast NDH. Along with this evidence obtained by using Chl fluorescence imaging, a series of Arabidopsis chlororespiratory reduction (crr) mutants defective in NDH activity have been identified (Hashimoto et al. 2003) .
The Arabidopsis lhca6 mutant was defective in supercomplex formation between chloroplast NDH and the PSI supercomplex, reducing the stability of chloroplast NDH rather than impairing its accumulation directly . In the lhca6 mutant, chloroplast NDH was assembled and its activity was detected in immature leaves, where NDH accumulated as a partial supercomplex with a single copy of the PSI supercomplex via Lhca5 (Peng et al. 2009 ). The NDH complex was destabilized only in mature leaves; this was observed as a clear phenotype in the Chl fluorescence analysis. To overcome this technical problem of dependence of the phenotype on leaf age, we analyzed Chl fluorescence for 3 d in a row by using the same T 2 seedling. The average values were used to represent NDH activity in independent T 2 plants (see the Materials and Methods for more details). To evaluate the Chl fluorescence change quantitatively, we determined the lowest level of Chl fluorescence just after AL illumination was extinguished (F o 0 ), as well as the post-illumination, transient peak level of fluorescence (F p ) in the dark. The height of the transient increase in Chl fluorescence (F p -F o 0 ) was normalized against the F m level monitored by applying a saturating flash ( Supplementary Fig. S3 ).
In the lhca6 mutant, the fluorescence level often decreased below the F o 0 level, resulting in a negative value of (F p -F o 0 )/F m ( Fig. 2C; Supplementary Fig. S3 ). Introduction of the fulllength Lhca6-HA gene complemented NDH activity, although the level was slightly lower than that in the wild type. Although we could not compare the level of Lhca6-HA protein with the endogenous Lhca6 level in the wild type, accumulation of Lhca6-HA may not be sufficient for full complementation (Fig. 2B) . In contrast, full-length Lhca2-HA did not complement NDH activity (Fig. 2C) . In lines 1 (1-3 and 1-12) and 3 (3-11, 3-14 and 3-17) , in which the N-terminal candidate 1 sequence originating from the Lhca6 in question was absent, NDH activity was detected, although the complementation was not complete (Fig. 2C) . In lines 2 (2-6 and 2-7) and 4 (4-2 and 4-4), however, in which the same sequence was present, NDH activity was not detected. These results suggest that both the candidate 1 sequence and the entire stromal N-terminal domain were not required for linker function. Because we could not detect accumulation of the chimeric protein originating from constructs 2 and 4 (Fig. 2B) , we did not conclude anything on the basis of this result. Instead, the results for construct 3 (Fig. 2C) showed that the region downstream of the stromal N-terminal domain was sufficient to complement NDH activity.
In the chimeric protein encoded by construct 5, the Lhca6 sequence was substituted by that of Lhca2 in the lumenal loop and TM domain C ( Fig. 2A) . Although we did not detect the chimeric protein originating from construct 5, NDH activity was complemented in this line (Fig. 2C) , suggesting that the lumenal loop and TM domain C were not necessary for Lhca6 function. Construct 6 did not complement NDH activity, but we did not detect the accumulation of chimeric protein (Fig. 2B) . In summary, the initial screening (Fig. 2) narrowed down the domains sufficient for linker function to the region downstream of the stromal N-terminal domain. We were also able to eliminate the lumenal loop and TM domain C from the domains necessary for linker function. It is also unlikely that the N-terminal stromal domain could confer linker function on Lhca2, although we could not eliminate the possibility that a higher level of accumulation of chimeric protein was needed to complement NDH activity.
The stromal loop of Lhca6 is required, and sufficient, for complementing NDH activity Contrary to our initial working hypothesis, the stromal N-terminal domain was not necessary for the complementation of NDH activity. Instead, we focused on the region downstream of the stromal N-terminal domain, because these domains were sufficient for complementation (Fig. 2, construct 3) . To narrow down further the domains sufficient for linker function, construct 7, in which the C-terminal half of Lhca2 (stromal loop-TM domain A-lumenal tail) was swapped with that of Lhca6, was introduced into the Arabidopsis lhca6 mutant (Fig. 3A) . The transformation complemented NDH activity (Fig. 3C) . The C-terminal half of Lhca6 was sufficient to complement NDH activity.
Because the chimeric protein originating from construct 6 was undetectable (Fig. 2B) , we could not conclude that the Cterminal half of Lhca6 was necessary for linker function. In construct 8, only the stromal loop of Lhca6 was swapped with that of Lhca2 (Fig. 3A) . The difference from construct 6 was in TM domain A and the lumenal tail, both of which were also from Lhca6 (Figs. 2A, 3A) . The chimeric protein originating from construct 8 stably accumulated in chloroplasts but did not complement NDH activity (Fig. 3B, C) , indicating that the stromal loop of Lhca6 was necessary for linker function. In contrast, only the stromal loop of Lhca2 was swapped with that of Lhca6 in construct 9 (Fig. 3A) . Although we could not detect accumulation of the chimeric protein, the transformation complemented NDH activity (Fig. 3B, C) . The stromal loop of Lhca6 was necessary and sufficient to complement NDH activity in the lhca6 mutant.
A set of constructs, 10 and 11, was designed to test the function of the region downstream of TM domain A containing two candidate residues (Fig. 3A) . Consistent with the results suggesting that the stromal loop was required and sufficient for linker function, the lumenal tail was not required (construct 10) or sufficient (construct 11) for linker function (Fig. 3B, C) . We did not detect the accumulation of chimeric proteins in the lines transformed by constructs 7, 9 and 10 (Fig. 3B) , although The NDH-dependent Chl fluorescence changes were quantified as described in the Materials and Methods. For the WT, lhca6, and lhca6 transformed by full-length Lhca6 and Lhca2, the same results were shown in Fig. 2C . Error bars indicate SDs among independent T 2 plants (n = 6-20). Significant differences from the WT and the lhca6 mutant are indicated by w and l, respectively (P < 0.01), and by w 0 (P < 0.05) for the t-test. For the line identification, the construct number and the T 1 line number are indicated before and after the dash, respectively.
NDH activity was complemented. Probably because of the low level of accumulation of chimeric proteins, the loading volume for SDS-PAGE (thylakoid proteins corresponding to 1 mg of Chl) may not have been enough to detect their accumulation via a single HA tag, even when they were able to complement NDH activity. As described below, we relied on protein blot detection by two-dimensional (2D) BN/SDS-PAGE.
Complementation of NDH activity occurs via supercomplex formation
The function of Lhca6 indirectly affected NDH activity through stabilization of the NDH complex by mediating supercomplex formation with PSI (Peng et al. 2009 ). Although we analyzed NDH activity in the initial screening, it is more direct to analyze supercomplex formation by using BN-PAGE (Fig. 4) . We analyzed lines 7-11, including lines 8 and 9, the results for which were directly linked to our conclusion. In the BN-polyacylamide gel, the NDH-PSI supercomplex was detected as band I, which was absent in the lhca6 mutant (Fig. 4, WT and lhca6) , as previously reported (Peng et al. 2009 ). Introduction of Lhca6-HA complemented supercomplex formation. Although a faint signal was also visible at the band I position upon the introduction of Lhca2-HA, this was unlikely to have been related to the presence of an intact NDH-PSI supercomplex, because the NDH subunit NdhL was not detected at this position (Fig. 5B) . Consistent with the results for NDH activity (Fig. 3C) , the NDH-PSI supercomplex was detected in a line transformed by constructs 9 and 10 but not in the line transformed by construct 11 (Fig. 4) . Despite the low level of accumulation of the chimeric protein originating from construct 10 (Fig.   3B ), the protein probably affected the integrity of the PSI supercomplex, because its band was split into two bands in the BNpolyacrylamide gel (Fig. 4 , two triangles in line 10-3). We analyzed the independent transgenic line with the same construct (line 10-8) by 2D BN/SDS-PAGE ( Supplementary Fig. S4 ). Although PsaA was detected in both bands, Lhca2 was detected only in the slower migrating band. Most probably, the faster migrating band represented the mutant version of the PSI supercomplex defective in the Lhca2-Lhca3 heterodimer. A similar trend was also observed in the lines transformed by constructs 7, 8 and 9, although the extent was milder (Fig. 4) . Although construct 7 complemented NDH activity (Fig. 3C) , band I was hardly detectable in the BN-polyacrylamide gel (Fig. 4) .
To detect the signal originating from the intact NDH-PSI supercomplex with greater accuracy and sensitivity, slices of the BN gel were subjected to 2D SDS-PAGE (Fig. 5) . In the line expressing Lhca6-HA (fl-Lhca6-2), NdhL was detected in a spot at the position of band I (Fig. 5A) . Because Lhca6-HA co-migrated with this spot, it probably reflected the intact NDH-PSI supercomplex. In contrast, a signal that migrated faster than band I in the BN-polyacrylamide gel was detected in the line transformed by full-length Lhca2-HA (fl-Lhca2-4). This signal is likely to corresponded to the NDH complex associated with a single copy of the PSI supercomplex via Lhca5, as has been reported in the lhca6 mutant (Peng et al. 2009 ). Lhca2-HA was detected mainly at the position of the PSI supercomplex (Fig. 5B) .
Although the chimeric protein originating from construct 9 was not detected by 1D SDS-PAGE (Fig. 3B) , it was detected by 2D BN/SDS-PAGE at the position of band I in lines 9-12 (Fig.  5C ). This result was consistent with the recovery of NDH activity in this line (Fig. 3C) . Anti-NdhL antibody detected a signal at the band I position, as in the lines transformed by full-length Lhca6 (Fig. 5A, C) . Because we applied 10 times more thylakoid proteins to the BN-polyacrylamide gel than to the 1D SDSpolyacrylamide gel, the accumulation of the chimeric proteins could be detected in 2D BN/SDS-PAGE. In the line transformed by construct 8 (line 8-2), NdhL was detected in the complex with slightly faster migration in the BN-polyacrylamide gel (Fig.  5D) . The chimeric protein was detected by anti-HA antibody at the position of the PSI supercomplex. The pattern was similar to that observed in the line transformed by full-length Lhca2 (Fig. 5B) . Although the less mobile spot detected in the lines transformed by construct 9 should correspond to band I, the spot with greater mobility detected in the line transformed by construct 8 probably reflected the partial NDH-PSI supercomplex via Lhca5, as also observed in the lhca6 mutant (Peng et al. 2009 ). Similar results were obtained using independent transgenic lines, 8-4 and 9-7 ( Supplementary Fig. S5 ). In line 9-7, the NdhL antibody detected two signals, although the anti-HA antibody detected the signal with lower mobility. The upper signal corresponded to the intact NDH-PSI supercomplex, whereas the lower signal probably corresponded to the partial NDH-PSI supercomplex with a single copy of the PSI supercomplex via Lhca5, as detected in line 7-14 (see below).
Although no signal of the chimeric protein was detected in the lines transformed by construct 7 on 1D SDS-PAGE (Fig .   Fig. 4 BN-PAGE analysis of NDH-PSI supercomplex formation. Thylakoid protein complexes isolated from the wild type (WT), lhca6, lhca6 transformed by full-length (fl) Lhca6-HA, fl-Lhca2-HA and constructs 7-10, 8-4, 9-7, 10-3 and 11-2 were separated by BN-PAGE and stained with Coomassie Brilliant Blue. In the top panel, the high molecular weight position of the gel including band I corresponding to the NDH-PSI supercomplex (indicated by I) is magnified. Open triangles indicate split signals of the PSI supercomplex. 3B), the protein was detected by 2D BN/SDS-PAGE at the position of band I in line 7-14 ( Supplementary Fig. S6 ), as it was in the line transformed by construct 9. Although a single spot corresponding to band I was detected by anti-NdhL antibody in line 9-12 (Fig. 5C) , the same antibody also detected a second spot with slightly higher mobility in the BN gel in line 7-14 ( Supplementary Fig. S6 ). The spot probably corresponded to a partial NDH-PSI supercomplex, with a single PSI supercomplex via Lhca5 observed in the lhca6 mutant. The level of chimeric protein may not have been sufficient to shift all of this partial supercomplex to the full NDH-PSI complex. It is also possible that the stability of the full NDH-PSI complex, especially in the BN-polyacrylamide gel, was partly affected by the incorporation of chimeric Lhca6. In summary, consistent with the results of our NDH activity analysis (Fig. 3C) , our direct detection of the NDH-PSI supercomplex in the BN-polyacrylamide gel supported the hypothesis that the stromal loop of Lhca6 was required and sufficient for linker function.
The stromal loop of Lhca6 is required for binding to the NDH complex
In the line transformed by construct 8, no NDH-PSI supercomplex was formed (Fig. 5D) . However, chimeric protein stably accumulated in the chloroplast (Fig. 3B) . On the BN gel, anti-HA antibody detected this chimeric protein at the position of the PSI supercomplex (Fig. 5D) . This result suggests that the chimeric protein originating from construct 8 interacted with the PSI supercomplex but not with the NDH complex. The stromal loop was necessary for the association of Lhca6 with the NDH complex, rather than for interaction with the PSI supercomplex or the PSI core.
Discussion
Domain swapping is a powerful tool for determining the minimum domain(s) necessary for a function specific to one of two homologous proteins. A potential problem is its impact on the stability of chimeric proteins. The problem is serious when the chimeric proteins are not functional. In this study, the accumulation of chimeric proteins was affected in the lines transformed by constructs 2, 4, 5 and 6 (Fig. 2B ) and constructs 7, 9 and 10 ( Fig. 3B) in 1D SDS-PAGE. In our initial screening (Fig. 2) , we could not draw any conclusions from the results for constructs 2, 4 and 6 because the transformation did not complement NDH activity. In the lines transformed by constructs 7 and 9, chimeric protein was detected at the position of band I in the 2D BN/SDS-polyacrylamide gel ( Fig. 5C; Supplementary Fig.  S6 ), suggesting that supercomplex formation was partially complemented. This is consistent with the recovery of NDH activity in these lines (Fig. 3C) . With the use of chimeric proteins fused with the HA-tag, complementation may be partial in respect of supercomplex formation, although the chimeric proteins included the domain(s) responsible for linker function. To determine the minimum domain(s) needed for linker function, we had to detect even partial supercomplex formation and thus had to rely on sensitive methods to monitor supercomplex formation, namely activity monitoring using Chl fluorescence analysis and, more directly, detection of chimeric protein at the Lhca6-HA (Lhca6-2) (A), fl-Lhca2-HA (Lhca2-4) (B), construct 9 (9-12) (C) and construct 8 (8-2) (D) were separated by BN-PAGE and further subjected to 14% 2D SDS-PAGE. The proteins were detected by using antibodies against PsaA, NdhL and HA-tag. Red arrows indicate the positions of the intact NDH-PSI supercomplex, whereas blue arrows indicate the positions of the partial NDH-PSI supercomplex via Lhca5, which was observed on the lhca6 mutant.
band I position in the 2D BN/SDS-polyacrylamide gel by using anti-HA antibody.
Although both Lhca2-HA and Lhca6-HA were under the control of the 35S promoter, the level of accumulation of Lhca2-HA was much higher than that of Lhca6-HA (Figs. 2B,  3B) . In addition to transcript levels , accumulation of Lhca2 and Lhca6 is likely to be regulated via protein stability. Because the chimeric protein encoded by construct 2 was undetectable, the short N-terminal extension specific to Lhca6 may destabilize the protein. This hypothesis is consistent with the extremely low level accumulation of chimeric proteins originating from constructs 4, 6 and 10. However, we could not explain the accumulation of chimeric protein originating from construct 8, in which TM domain A and the lumenal tail were also substituted by those of Lhca6 (Fig. 3A, B) . To stabilize the entire protein, combination among domains is probably important. This idea does not necessarily mean that there is direct interaction between the domains. In Lhca2, the N-terminal stromal domain and the C-terminal tail are separated by the thylakoid membrane but have similar functions, namely interaction with Lhca3 (Mazor et al. 2015) . It is possible that, in Lhca6 as well, both domains extrude similar sides to form a binding surface with other LHCIs to interact with the PSI supercomplex.
Because the antibody detecting Lhca6 was not available, we could not compare the levels of chimeric proteins with the level of endogenous Lhca6. A problem was the low sensitivity to detect the chimeric proteins via the HA tag especially in 1D SDS-PAGE: even the full-length Lhca6 was close to the detection limit (Figs. 2B, 3B) . However, the chimeric protein was preferentially detected at the position of the intact PSI-NDH supercomplex in the 2D BN/SDS-PAGE in lines 7 and 9 ( Fig. 5C ; Supplementary Figs. S5, S6) . These results were supported by the partial complementation of NDH activity (Fig. 3C) . We consider that the chimeric proteins encoded by constructs 7 and 9 behaved as a linker, as did endogenous Lhca6.
We further tried to evaluate the contributions of candidate sequences 4 and 5 by introducing mutations into both the Lhca2 background and the Lhca6 background. However, especially when the construction was based on Lhca2, the mutations affected the integrity of the PSI supercomplex, as was observed in the lines transformed by construct 10 ( Fig. 4;  Supplementary Fig. S4 ). Probably, the mutant proteins behaved like Lhca2 and destabilized the Lhca2-Lhca3 heterodimer, as has been observed in a ÁLhca2 mutant (Wientjes et al. 2009 ). This idea was supported by the absence of Lhca2 in the faster migrating band (Supplementary Fig. S4 ). We also observed the formation of variant NDH-PSI supercomplex in the ÁLhca2 mutant (T. Otani et al. unpublished) . Different approaches are needed to determine the flexibility of NDH-PSI supercomplex formation, which probably occurs specifically under some mutant backgrounds of LHCI.
Finally, mainly on the basis of the detection of the supercomplex in the 2D BN/SDS-polyacrylamide gel, we found that the stromal loop (114A to 177R) was necessary and sufficient for linker function (Fig. 5) . Because the regions upstream of candidate 4 (114A to 128V) and downstream of candidate 5 (168L to 177R) were conserved in Lhca6 and Lhca2, we could further narrow down the region responsible for linker function to that from 129D to 167V (Supplementary Table S1 ). On the basis of the structure of Lhca2, which is homologous to Lhca6, the region probably forms a loop, a part of which faces toward the PSI, Lhca4 and outside of the supercomplex, and does not contribute to the binding of Lhca3 (Fig. 6) . To determine the function of the stromal loop of Lhca6 in NDH-PSI supercomplex formation, we need to know the exact localization of Lhca6 in the NDH-PSI supercomplex. In a single-particle analysis of the NDH-PSI supercomplex, Lhca5 and Lhca6 were hypothesized to be located in an unassigned protein density to one side of the NDH complex (Kouřil et al. 2014) . However, further research is needed before we can draw conclusions, because the position of subcomplex B specific to the NDH complex of angiosperms was not assigned in the same analysis. Like Lhca5, which probably attaches to the outside of the Lhca2-Lhca3 heterodimer (Lucinski et al. 2006 ), Lhca6 may be associated with the outside of the circular arc of LHCIs. Alternatively, Lhca6 may substitute for Lhca2 to form the NDH-PSI supercomplex. If Lhca6 were in the position of Lhca2, a part of the stromal loop would extrude to the outside of the PSI supercomplex, providing an attachment site for the NDH complex. The same scenario might also explain NDH-PSI supercomplex formation in which Lhca6 attaches to the outside of the major LHCI arc.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana wild type (Col-0), lhca6 mutants and transgenic lines were grown in soil in a growth chamber (50 mmol photons m -2 s -1
, 16 h photoperiod, 23 C) for 3-4 weeks. An insertion mutant of Lhca6 obtained by using a dSpm transposon (N120550) was used in this study .
Vector construction and transformation
Coding sequences of Lhca2 and Lhca6 were amplified from cDNA synthesized by using total RNA extracted from Col-0 leaves and were cloned into the pENTRE/D-TOPO vector (Invitrogen). A series of chimeric genes were constructed by using an In-Fusion Cloning Kit (Clontech). The primers used for the vector construction are listed in Supplementary Table S2 . All the chimeric genes were confirmed by sequencing and then introduced into the binary vector pGWB2 (Nakagawa et al. 2007 ) by LR Clonase reaction (Invitrogen). The resulting plasmids were introduced into Agrobactrium tumefaciens C58 by electroporation, and the bacteria were used to transform the Arabidopsis lhca6 mutant.
Chl fluorescence analysis of NDH activity
The transient increase in Chl fluorescence after AL (50 mmol photons m -2 s -1 ) had been turned off was monitored with a MINI-pulse amplitude modulation portable Chl fluorometer (MINI-PAM, Walz), as described (Shikanai et al. 1998 ) was applied to determine the maximum fluorescence at closed PSII centers in the darkadapted state (F m ). F o 0 was the minimum fluorescence level at open PSII centers just after AL had been turned off. F p was the maximum fluorescence level recorded from 7 to 25 s after AL had been turned off. T 2 seedlings carrying the transgene were selected on half-strength Murashige and Skoog (1/2 MS) medium containing 50 mg ml -1 kanamycin and then transferred to soil. NDH activity was analyzed for 3 d in a row, before bolting, by using the same seedling.
NDH activity was quantified as above and the averages of three measurements represented the activity of each T 2 seedling. The activity of each independent transgenic line was calculated by using between six and 20 seedlings. For each construct, the T 2 generation originating from two or three independent T 1 lines was analyzed.
Isolation of intact chloroplasts and chloroplast membranes
Intact chloroplasts were purified from the leaves of 3-to 4-week-old plants as previously described (Munekage et al. 2002) . The purified chloroplasts were ruptured in a buffer [20 mM HEPES-KOH (pH 7.6), 5 mM MgCl 2 and 2.5 mM EDTA]. The insoluble fraction containing thylakoids and envelopes was separated from the soluble fraction by centrifugation for 10 min at 15,000 Â g. The concentration of Chl was determined as described previously (Porra et al. 1989 ).
SDS-PAGE and immunoblot analyses
Proteins corresponding to 1 mg of Chl separated by 14% (w/v) SDS-PAGE were electrotransferred onto polyvinylidene fluoride membranes. The blots were probed with antibodies raised against the HA-tag (Santa Cruz Biotechnology), PsaA (Agrisera), Psa2 (Agrisera) and NdhL . The antibodies were added, and the protein-antibody complexes were labeled by using an ECL Prime Western blotting detection system (GE Healthcare). Chemiluminescence was detected with an LAS4000 luminoimage analyzer (GE Healthcare).
BN-PAGE analysis
BN-PAGE and 2D SDS-PAGE were performed as described before , Peng et al. 2009 ). Thylakoid membranes solubilized with 1% (v/v) b-dodecylmaltoside corresponding to 10 mg of Chl were subjected to 5-12% BN-PAGE. Images of BN-polyacrylamide gels were captured with an image scanner, and the gels were stained with Bio-Safe Coomassie stain (Bio-Rad). For 2D SDS-PAGE analysis, lanes excised from BN-polyacrylamide gels were subjected to 14% SDS-PAGE.
Phylogenetic analysis
The sequences of Lhca2 and Lhca6 proteins ( Supplementary Fig. S1 ) were aligned by using MUSCLE (Edgar 2004 ) and visualized in JALVIEW (Waterhouse et al. 2009 ). A Bayesian inference was performed using MrBayes version 3.2 (Ronquist et al. 2012) . Ten million generations were completed, and trees were collected every 1,000 generations, after discarding trees corresponding to the first 25% (burn-in), to generate a consensus phylogenetic tree.
Bayesian posterior probabilities were estimated as the proportion of trees sampled after burn-in.
Accession numbers
Sequence data used for the in silico analysis for Supplementary Table S1 are aligned in Supplementary Fig. S1 . To construct the phylogenetic tree (Fig. 1A) , we used the sequences summarized in Supplementary Table S3 .
Supplementary data
Supplementary data are available at PCP online. 
